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Abstract  
Resistance to embolism of conifer branches has 
commonly been studied with the flow-centrifuge 
technique (Cavitron) to carry out routine 
measurements. The aim of this study was to test the 
accuracy of the Cavitron for measurements on 
conifer roots. Based on earlier findings, it was 
suggested that the application of the flow-centrifuge 
technique to roots may not be free from artefacts 
due to potential torus aspiration when the pressure 
gradient between the sample ends is high. Here, 
three different protocols were used to obtain 
vulnerability curves in Pinus pinaster and 
Pseudotsuga menziesii roots: no water pressure 
gradient, and low and high water pressure 
gradient. In addition water extraction curves were 
obtained to only estimate the water released from 
conduits by embolism. Water extraction curves 
showed no water release caused by embolism before 
-1.3 and -2.5 MPa for P. pinaster and P. menziesii, 
respectively. The results illustrated discrepancies 
between these protocols: roots measured with the 
high and low pressure gradient protocols appeared 
erroneously more vulnerable to embolism than 
roots measured with no pressure gradient. In 
addition, pit anatomical observations of roots 
showed non-punctured tori and a high flexibility of 
the margo, which may increase the risk of torus 
aspiration. All together these results suggest that 
the early loss of hydraulic conductivity observed for 
the low and high pressure gradient protocols was 
not due to embolism but rather to a torus 
aspiration artefact when the pressure gradient is 
too high. We conclude that the no pressure gradient 
protocol provides a suitable method and that high 
vulnerability to embolism reported in previous 
studies for conifer roots should be interpreted with 
caution in the light of our findings. 
Introduction 
Water uptake and its long-distance transport through 
the xylem tissue are essential processes for replacing 
the amount of water that is lost during photosynthesis 
by transpiration (Zimmermann 1983, Kramer & Boyer 
1995). While many studies have examined water 
transport characteristics of branches, our insights into 
the whole-plant hydraulic behaviour also requires 
research on hydraulics of roots. Due to embolism 
formation, non-functional conduits may significantly 
affect water uptake and reduce the whole-plant 
hydraulic conductivity (Linton and Nobel 1999). 
Although plants may prevent xylem embolism at 
relatively high water potentials (close to zero MPa) by 
stomatal closure, embolised conduits may have 
considerable consequences for plant growth under 
drought stress (Jones and Sutherland 1991, Cochard et 
al. 2002a, Fichot et al. 2010). Ultimately, high levels 
of embolised conduits during severe drought may lead 
to desiccation and plant death (Brodribb and Cochard 
2009, Brodribb et al. 2010, Urli et al. 2013). 
Measurements of embolism resistance in xylem 
contribute significantly to our understanding of plant 
hydraulics (Cochard et al. 2013). Several methods 
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have been developed to measure embolism resistance, 
such as air-injection with a single-ended or double-
ended pressure chamber, a dehydration method, and 
centrifuge techniques. The latter method allows us to 
produce vulnerability curves in a short period of time 
(Cochard et al. 2005, 2007). Both static- and flow-
centrifuge techniques use a centrifugal force to create a 
negative xylem pressure that induces embolism in the 
sample (P, MPa). For the static method, hydraulic 
conductivity is determined gravimetrically by using a 
central segment of a branch after spinning it in a 
centrifuge (Pockman et al. 1995), or by using the 
whole sample if the ends are maintained under water 
during centrifugation (Alder et al. 1997). For the flow-
centrifuge (also called the Cavitron), samples are 
placed in a custom-built rotor with both sample ends in 
reservoirs filled with water. In order to generate a 
pressure gradient (ΔP, MPa) across the sample and 
thus induce water flow through the sample, small holes 
are made in the reservoirs at two distances from the 
rotation axis (Cochard et al. 2005). The hydraulic 
conductivity can then be determined during 
centrifugation and a vulnerability curve is typically 
obtained in less than 20 min.  
It has been shown that a high ΔP in conifers might 
cause sealing of the pit aperture by torus aspiration, 
thus preventing the water flow between two adjacent 
tracheids and consequently decreasing xylem hydraulic 
conductivity (Pappenheim 1889, Sperry and Tyree 
1990). However, when using a standard rotor (27cm in 
diameter), vulnerability curves of conifer branches that 
are measured with the cavitron technique correspond 
well with other standard hydraulic methods (Cochard 
et al. 2005, Li et al. 2008) and with water extraction 
curves (Cochard et al. 2010, Beikircher et al. 2010), 
suggesting that torus aspiration is not problematic for 
branches. The water extraction method allows us to 
measure the amount of water stored in a sample, and 
typically includes three types of water release: 1) the 
elastic storage (Tyree and Yang 1990), 2) the capillary 
water release, which corresponds to the water held by 
capillary forces in the tapered ends of small embolised 
xylem cells or in intercellular spaces (Zimmermann 
1983, Tyree and Yang 1990), and 3) the water released 
from conduits by embolism. Tyree and Yang (1990) 
suggested that elastic storage can be neglected in wood 
as most xylem cells have thick, lignified and inelastic 
walls. This may especially apply to conifers in which 
the tissue fraction of parenchyma is generally below 
10% of the entire wood tissue. It was shown for three 
Pinaceae species that most capillary water is released 
at a relatively high xylem pressure (-0.6 MPa, Tyree 
and Yang 1990). Consequently, the amount of water 
released at higher tensions corresponds to release from 
embolism. As vulnerability curves of branches carried 
out with the cavitron method correspond well to water 
extraction curves (Cochard et al. 2010, Beikircher et 
al. 2010), this suggests that the cavitron accurately 
measures the loss of hydraulic conductivity due to 
embolism.   
It has been suggested that xylem properties can widely 
differ between roots and branches (Martínez-Vilalta et 
al. 2002, Hacke and Jansen 2009, Schulte et al. 2012, 
Schuldt et al. 2013). While Hukin et al. (2005) and 
Cochard et al. (2002b) showed that roots are more 
resistant to embolism than stems in Populus and 
Juglans, respectively, studies on conifer species 
demonstrated that roots are more vulnerable to 
embolism than branches (Sperry and Ikeda 1997, 
Hacke et al. 2000, Martínez-Vilalta et al. 2002, Domec 
et al. 2004, 2006, Hacke and Jansen 2009). Moreover, 
a large variability of root P50 values (i.e., the xylem 
pressure corresponding to 50% loss of hydraulic 
conductivity) has been reported for a given species 
(e.g., -1 to -3.8 MPa for Pseudotsuga menziesii roots). 
This may either indicate that various techniques 
produce different results for this organ or that there is 
considerable intra-specific variation due to 
environmental differences. However, this variations in 
P50 is unlikely to be the result of quantitative variation 
in wood anatomy only. Therefore, it is important to 
evaluate the relevance of methods used for measuring 
root P50 values.  
In this study, we used several centrifuge methods to 
measure embolism resistance of roots in two conifer 
species, Pinus pinaster and Pseudotsuga menziesii. 
The main aim was to test whether the centrifuge-flow 
technique provides an accurate method to measure 
xylem embolism resistance in roots. To achieve this 
goal, we compared vulnerability curves based on a 
method without pressure gradient with (1) 
vulnerability curves based on two other methods (i.e., 
a low and high-water pressure gradient, and (2) water 
extraction curves.  
 
Materials and Methods 
Plant material 
Roots of Pinus pinaster Aiton and Pseudotsuga 
menziesii (Mirb.) Franco were collected at the INRA 
facility in Pierroton (Bordeaux, France) in June and 
October 2014, respectively. A powerful blower was 
used to expose the root system (radius of 
approximately 1.5 m and 60 cm deep from the base of 
the tree) without causing mechanical tension or 
damage to the roots (Fig. S1). Sampling was carried 
out on a single tree per species to minimize potential 
intra-specific variation. Roots were exposed late in the 
afternoon and sampled early next morning. Only 2 to 
4-year-old roots of less than 1 cm diameter were 
chosen. 30 roots of Pinus pinaster and 20 roots of 
Pseudotsuga menziesii were sampled, wrapped in wet 
paper, transported to a high-throughput phenotyping 
platform (Caviplace, University of Bordeaux, France, 
http://sylvain-delzon.com/?page_id=536), and kept 
refrigerated at 4 °C until measurements were taken.  
Vulnerability curves 
Prior to measurements, root samples were cut under 
water to a standard length of 27 cm, and the bark was 
gently removed with finger nails. Xylem embolism of 
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roots was assessed with the centrifuge-flow technique 
(Cavitron) using three different protocols, all using a 
27 cm rotor diameter: 
The no water pressure gradient method was 
adapted from Beikircher et al. (2010). The pressure 
gradient was decreased by reducing the distance 
between the openings of the two water reservoirs to 3 
mm (Fig. 1). The maximum hydraulic conductivity 
(kmax, m² MPa-1 s-1) was measured at 0.5 MPa. Then, 
the rotation speed was gradually increased by 0.5 or 1 
MPa. In order to maintain a negligible pressure 
gradient while measuring hydraulic conductivity (ki, 
m² MPa-1 s-1), all ki measurements were taken at 0.5 
MPa and reservoirs were emptied afterwards to avoid 
water flowing in the roots when increasing the 
pressure again. Both sample ends are kept wet during 
the spinning thanks to the small amount of residual 
water that is left at the bottom of the emptied 
reservoirs. Therefore, the maximum pressure gradient 
(ΔPmax) as estimated based on Cochard (2002) was 
never higher than 0.02 MPa (Table S1, Fig. 1) during 
the entire vulnerability curve process in order to 
eliminate the risk of torus aspiration induced by a high 
ΔP. This “zero risk” method was considered as the 
reference method in this study.   
For the low water pressure gradient method (Fig 1) 
the distance between the openings in the two water 
reservoirs was kept at 3 mm similar to the no pressure 
gradient method. The maximum hydraulic 
conductivity (kmax, m² MPa-1 s-1) was measured at 0.5 
MPa. Then the rotation speed was gradually increased 
by 0.5 or 1 MPa to lower the pressure and the 
corresponding hydraulic conductivity (ki, m² MPa-1 s-1) 
was directly measured at this rotation speed, unlike the 
no pressure gradient method. According to Cochard 
(2002), the ΔPmax for the low pressure gradient method 
varied from 0.02 to 0.3 MPa while the xylem pressure 
increased from -0.5 to -7 MPa (Table S1, Fig 1).  
For the high water pressure gradient method 
(Cochard 2002, Cochard et al. 2005), a distance of 7 
mm between the openings of the two water reservoirs 
was used (Fig 1). This method is commonly used to 
estimate embolism resistance of conifer branches. 
However, it has been shown that this method may not 
be free from artefacts (Cochard et al. 2013). Thus, the 
impact of the high pressure gradient produced with the 
high pressure gradient method (ΔPmax= 0.05 to 0.7 
MPa; Table S1, Fig. 1) must be tested to know whether 
this method is accurate to estimate embolism 
resistance in roots.  
For all three methods, the percentage loss of 
conductivity (PLC) of roots was determined at each 
pressure step following the equation:  𝑃𝐿𝐶 = 100 1 − !!!!"#     
      Eq. 1 
and vulnerability curves were fitted using the equation 
of Pammenter and Vander Willigen (1998):  𝑃𝐿𝐶 = !""!!!"# !!"! !!!!"       
      Eq.2 
, where P50 (MPa) is the xylem pressure inducing 50% 
loss of conductivity and S (% MPa-1) is the slope of the 
vulnerability curve at the inflexion point. The pressure 
at which 12% of conductivity is lost (P12) 
corresponding to the xylem air entry (for more details, 
see Domec and Gartner 2001) was also calculated. 
  
Figure 1. (a) Schematic drawing of the flow-centrifuge methods applied in this paper: the distance between the openings of the 
two water reservoirs was 7 mm for the high pressure gradient method (a) and 3 mm for the low and no pressure gradient method 
(b). Adapted from Cochard (2002). (b) Maximum water pressure difference (MPa) between the upstream and downstream 
reservoir as a function of xylem pressure (MPa; corresponding to the different spinning velocities) induced by the three different 
centrifuge-flow method:  the high pressure gradient (r =7mm; blue circles), the low pressure gradient (r =3mm; red triangles), and 
the no pressure gradient method (r =3mm; xylem pressure kept low at -0.02 MPa; green squares). The maximum water pressure 
difference for each method was calculated according to Cochard (2002). For the no pressure gradient method, in addition to the 
reduced distance between the openings of the two water reservoirs, the conductivity was always measured at a xylem pressure of 
0.5 MPa. Therefore the maximum water pressure difference induced by the no pressure gradient method remained stationary. 
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Water extraction curves 
Water extraction curves were made with the cavitron 
using two intact water reservoirs encapsulating both 
sample ends (Cochard et al. 2010, Herbette and 
Cochard. 2010, Beikircher et al. 2010). Samples were 
first spun at 0.25 MPa and the rotation speed of the 
centrifuge was gradually increased by 0.2 MPa to 
lower xylem pressure and to allow visualization of 
water extraction from both ends of the sample. The 
respective distances run by the air-water menisci (di) 
from their initial position (do) was measured until the 
two menisci in both reservoirs remained stationary. 
This was done by reading the number of pixels directly 
on the camera screen at each rotation speed chosen. 
The measurements were repeated until a pressure was 
reached at which there was no longer water extraction, 
i.e., the sample was entirely embolised (dmax). As these 
measurements were made without a pressure gradient, 
torus aspiration was considered to be unlikely. The 
relative percentage of extracted water (PEW) was 
calculated as the ratio di / dmax. Curves were fitted 
using a vulnerability curve equation (eq. 2), where 
PLC and P50 were replaced by PEW and P’50 (50% of 
total water extraction), respectively. According to 
Cochard et al. (2010), extraction curves are typically 
biphasic. A variable amount of water is first extracted 
at relatively high pressures, representing the capillary 
water storage. Then a considerable increase in the 
amount of water that is presumably extracted by 
embolism is recorded when xylem pressure is further 
decreased. To estimate more precisely our water 
extraction curves caused by xylem embolism, the 
percentages of extracted water were corrected, taking 
into account only the water released during the second 
phase of the initial curve (Cochard et al. 2010). Curves 
were fitted again as described above with the corrected 
values.  
Anatomical observations 
Bordered pit anatomy of roots was investigated on 
samples that had been used for hydraulic 
measurements. The three samples that were closest to 
the average P50 value were selected for each species.  
Electron microscopy 
Standard protocols were used to prepare root samples 
for SEM and TEM. For SEM, samples were cut with a 
fresh razor blade in order to have the radial tracheid 
walls exposed. After drying for 24 hours in an oven at 
60 °C, the samples were fixed on stubs, coated with 
gold using a sputter coater (108 Auto, Cressington, 
UK) for 40 s at 20 mA, and observed under 5 kV with 
a benchtop SEM (PhenomG2 pro, FEI, The 
Netherlands). 
TEM was conducted on material that was first washed 
with a phosphate-buffer saline solution, fixated in a 
2% aqueous osmium tetroxide solution, dehydrated 
through a gradual ethanol series (30%, 50%, 70%, 
90%), and embedded in resin (Epon). Transverse semi-
thin sections were cut with an ultramicrotome (Leica 
Ultracut UCT, Leica Microsystems, Vienna, Austria), 
stained with 0.5% toluidine blue in 0.1M phosphate 
buffer and mounted on microscope slides using Eukitt. 
Ultra-thin sections between 60 nm and 100 nm were 
mounted on copper grids (Athena, Plano GnbH, 
Wetzlar, Germany) and observed with a JEM-1210 
TEM (Jeol, Tokyo, Japan) at 80 kV. Digital images 
were taken using a MegaView III camera (Soft 
Imaging System, Münster, Germany).  
Pit properties  
SEM images of radial sections were used to measure 
the horizontal pit membrane diameter (DPM; µm), 
horizontal pit aperture diameter (DPA; µm) and 
horizontal torus diameter (DTO). The flexibility of the 
margo was defined as F = (DPM-DTO) / DPM and the 
torus-aperture overlap as O = (DTO-DPA) / DTO. 
Based on TEM images of transverse sections, details 
of tori in root samples of P. pinaster and P. menziesii 
were observed to measure the torus thickness (TTO; 
µm) and the occurrence of punctured tori as previously 
observed in branches (Jansen et al. 2012).  
Anatomical measurements were conducted using 
ImageJ (Rasband 1997-2014). Moreover, a minimum 
of 25 measurements were carried out for each 
anatomical trait and more than 15 pits were observed 
with TEM for each species.  
Statistical analyses 
Variation of hydraulic parameters between methods 
and anatomical characteristics were assessed using a 
one-way analysis of variance (ANOVA). Data and 
statistical analyses were conducted using SAS 
software (version 9.4 SAS Institute, Cary, NC, USA). 
Results 
Vulnerability curves 
For both species, P50 values measured with the no 
pressure gradient method were lower (i.e., more 
negative) than P50 measured with the high pressure 
gradient method, but no significant difference was 
found in P50 between the no pressure and low pressure 
gradient method (Table 1; Fig. 2a, b). However, with 
this latter method, we found a much higher variability 
of P50 values than with the no pressure gradient 
method.  
 
All vulnerability curves conducted for P. menziesii 
followed a sigmoidal shape (Fig. S2). In contrast, for 
P. pinaster, only vulnerability curves conducted with 
the no pressure gradient method were sigmoidal (Fig. 
S2). While the high pressure method only produced 
exponential shape curves, the low pressure method 
produced both sigmoidal and differently shaped curves 
(Fig. S2).  
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Table 1. Mean value (±SE) of xylem pressure at 50% loss of conductivity (P50) measured with the high pressure, low pressure and 
no pressure gradient method and the xylem pressure at 50% extracted water (P’50) for roots of Pinus pinaster and Pseudotsuga 
menziesii, with the number of samples measured (n).  
 Pinus pinaster Pseudotsuga menziesii 
   
 P50  n  P50 n 
High pressure gradient -1.36±0.15 a  5  -3.37±0.44 a 3 
Low pressure gradient -2.12±0.50 b  5  -4.13±0.05 b  5 
No pressure gradient -2.58±0.13 bc  14  -3.91±0.34 b 4 
 P’50  n  P’50 n 
Water extraction -2.77±0.02 c  4  -4.67±0.21 c 4 
One-way analysis of variance; bold letters (a, b, c) indicate to what extent features are significantly different between organs for a 
given species (p<0.05). 
 
                         
Figure 2. Vulnerability curves for root of two conifer species showing the percentage loss of conductivity as a function of xylem 
pressure, based on 4 different cavitron methods. We applied a high pressure gradient (HP, red), a low pressure gradient (LP, 
black) and no pressure gradient (NP, green) between the upstream and downstream reservoir at both ends of the sample. Root 
water extraction curves (EW, blue) show the percentage of extracted water per xylem pressure (MPa), but were modified to 
include only the water released by embolism. The shaded bands represent the standard errors. Verticals lines show P50 (i.e., xylem 
pressure at 50% loss of conductivity) for the water extraction curves. nHP=5 and 3, nLP=5 and 5, nNP=14 and 4; nEW=4 and 4 for P. 
pinaster and P. menziesii, respectively. 
 
Water extraction curves 
For both species, water extraction curves were 
biphasic (see the Materials and methods). A variable 
amount of water was first released before -1.3 and -2.5 
MPa for P. pinaster and P. menziesii, respectively 
(phase 1; Fig. 3). Then, when the pressure was further 
increased, a clear increase in water release was 
observed (phase 2; Fig 3). P’12 and P’50 values 
estimated from the corrected water extraction curves, 
which only take into account the water released during 
the second phase of the initial curve, corresponded 
well to the P50 and P12 values measured with the no 
pressure gradient method (Table 1 and S2).  
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Figure 3. Root water extraction curves showing the relative percentage of extracted xylem water as a function of xylem pressure 
(MPa) in two Pinaceae species: Pinus pinaster (a) and Pseudotsuga menziesii (b). A first release of water is observed at relatively 
high pressure (phase 1) and then a more drastic release of water occurs when pressure is further decreased (Phase 2). The dashed 
line shows the transition between phase 1 and phase 2 for the water extraction curves (-1.3 and -2.5 MPa). The corrected water 
extraction curve that is only based on the water released by embolism formation (phase 2) is represented by the solid line. 
Anatomy 
Pit dimensions in roots were slightly different between 
the two species: while the torus diameter (DTO) was 
similar in both species, the pit membrane diameter 
(DPM) and pit aperture diameter (DPA) were 
significantly larger in P. pinaster than in P. menziesii 
(DPM = 26.4 ± 0.5 and 20.05 ± 0.2 µm, DPA = 9.0 ± 0.1 
and 4.3 ± 0.12 µm, respectively; Table 2; Fig. 4). 
Consequently, P. pinaster presented both a higher 
flexibility of the margo (F) and a lower torus-aperture 
overlap (O) than roots of P. menziesii (F= 0.61 ± 0.02 
and 0.53 ± 0.01, O= 0.32 ± 0.01 and 0.43 ± 0.01, 
respectively; Table 2). In addition, TEM observations 
showed that the torus structure was similar between 
both species. Indeed, tori were equally thick (TTO= 
1.71 ± 0.11 and 1.28 ± 0.06 µm for P. pinaster and P. 
menziesii, respectively) and non-punctured (Fig. 5). 
 
	  
Figure 4.	  SEM images of radial sections showing anatomical details of bordered pits of roots of Pinus pinaster (a) and 
Pseudotsuga menziesii (b). The torus-margo pit is aspirated and shows the outline of the pit aperture underneath the torus. 
DPM, pit membrane diameter; DTO, torus diameter; DPA, pit aperture diameter.  
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Figure 5. TEM transverse sections showing anatomical details of aspirated tori (pressed against the pit aperture borders) in 
bordered pits of roots of Pinus pinaster (a) and Pseudotsuga menziesii (b). Both species showed unpunctured tori of similar 
thickness (TTO= 1.71±0.11 and 1.28±0.06 µm for P.pinaster and P. menziesii, respectively). 
Discussion 
The vulnerability curves obtained showed different 
P50 values depending on the method applied. For 
both species, vulnerability curves made with the no 
pressure gradient method (negligible ΔP) were 
shifted to more negative water potential values 
compared to the high pressure gradient curves (high 
ΔP), which showed a reduction of hydraulic 
conductivity at relatively high pressure (close to  
zero MPa). This discrepancy is presumably not due 
to embolism but to torus aspiration.  
The artefact of torus aspiration has not been 
observed previously in branch xylem when using 
the high pressure cavitron technique. However, 
when using a 15cm rotor, Beikircher et al. (2010) 
highlighted that a high pressure gradient might 
induce artefacts due to torus aspiration in branch 
xylem at relatively high xylem pressure (P), causing 
blockage of bordered pits and consequently a 
decrease in the hydraulic conductivity that is 
independent of embolism events. In addition, 
Bouche et al. (2014; unpublished data) found that 
the pressure gradient needed to induce torus 
aspiration in conifer branches was strongly 
associated with the flexibility of the margo and thus 
to pit anatomy. Previous studies showed that xylem 
and pit anatomy differ widely between roots and 
branches (Sperry and Ikeda 1997, Martinez-Vilalta 
et al. 2002, Domec et al. 2006). Our results showed 
that in P. pinaster, the margo flexibility is higher in 
roots (Froot= 0.61) than in branches (Fbranch = 0.41; 
Bouche et al. 2014). In addition, the margo 
flexibility of P. pinaster root is also higher than the 
maximum margo flexibility value reported in 
branches of 36 Pinaceae species by Bouche et al. 
(2014 and unpublished data; Fmin = 0.39, Fmax = 
0.54, Fmean = 0.51 ± 0.05). These authors also 
showed that the minimum theoretical water pressure 
gradient inducing torus deflection (PTD, i.e. torus 
aspiration) in P. pinaster and P. menziesii branches, 
was higher (PTD  = 0.18 and 0. 21 MPa, respectively) 
than the water pressure gradient applied at relatively 
high xylem pressure when using the high and low 
pressure gradient method (ΔPmax  = 0.05 to 0.16 
MPa, corresponding to P = - 0.5 to -1.5 MPa; see 
Table S1).   Consequently, while the pressure 
gradient that is produced with the high pressure 
method does not affect pit aspiration in branches, it 
may induce torus aspiration in bordered pits of root 
samples.   
The corrected water extraction curves, which 
estimate more precisely the extraction of water due 
to xylem embolism (Cochard et al. 2010), showed 
results closer to vulnerability curves made with the 
no pressure and low pressure gradient methods than 
with the high pressure gradient method. This 
confirms that embolism events do not occur at high 
pressures (0 to -1.3 or -2.5 MPa for P. pinaster and 
P. menziesii, respectively) and consequently, that 
the change in the shape of  vulnerability curves 
based  on the high pressure gradient method were 
not due to embolism events but rather to torus 
aspiration.  
The difference in vulnerability curves based on the 
three methods applied was higher in P. pinaster 
than in P. menziesii. The low and no pressure 
gradient method presented similar results for both 
species. However, in P. pinaster, we found a higher 
variability with the low pressure gradient method, 
which did not only produce sigmoidal curves, but 
also non-sigmoidal curves, suggesting the 
occurrence of torus aspiration with the low pressure 
gradient method. Consequently, the no pressure 
gradient method appears to offer a reliable method 
to avoid torus aspiration. The high pressure gradient 
method, however, which has proven to be accurate 
and fast and is commonly used to measure 
embolism resistance in conifer branches (Li et al. 
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2008, Cochard et al.  2005, 2013), may not be 
recommended for conifer roots.  
Interestingly, the torus aspiration artefact reported 
in both species is in line with our anatomical 
observations and previous studies. While we found 
no evidence of pores in tori of roots for both 
species, the presence of punctured tori in branch 
material of Pinaceae was previously reported 
(Jansen et al. 2012; Bouche et al. 2014). It can be 
suggested that the absence of pores associated with 
tori may explain why deflection of tori easily occurs 
in roots, although more species should be studied to 
test this hypothesis. While water may flow through 
pores in tori in branch xylem, the absence of 
punctured tori in roots might create a higher 
resistance, thus inducing torus displacement in the 
pit chamber, sealing the aperture and decreasing 
hydraulic conductivity. Then, the higher negative 
shift of P. pinaster curves might be due to a 
combination of both the absence of pores in tori and 
a higher margo flexibility of bordered pits in P. 
pinaster. This suggests that torus aspiration might 
not only be affected by the flexibility of the margo, 
but also by the torus anatomy. Recently, based on 
force displacement measurements of the torus-
margo in conifer branches, Zelinka (2015) showed 
that the torus might not be as rigid as implicitly 
stated in previous modelling studies (Hacke et al. 
2004; Domec et al. 2006). In addition, Jansen et al. 
(2012) showed that tori in Pinaceae branches were 
on average 0.5 µm thick, whereas the torus 
thickness reported in this study for P. pinaster and 
P. menziesii roots was 1.7 and 1.3 µm, respectively. 
Similar results were also reported by Hacke and 
Jansen (2009) between roots and branches of three 
conifer species.  Therefore, a relationship between 
thickness and elastic properties of the torus can be 
suggested. Overall it seems that thick and 
unpunctured tori in roots might be more prone to 
aspiration than the thinner punctured tori in 
branches.  
Our results showed that roots of P. pinaster were 
more vulnerable to embolism than roots of P. 
menziesii. According to Delzon et al. 2010, 
embolism spreading is thought to occur due to an 
inefficient valve effect of the torus as result of (1) 
low torus-aperture overlap and (2) low flexibility of 
the margo, together preventing the torus to 
completely seal the pit aperture (seal capillary 
seeding hypothesis, Delzon et al. 2010). In our 
study, P. pinaster roots had lower torus-aperture 
overlap than P. menziesii, but margo flexibility was 
higher. The higher vulnerability in the pine roots is 
in line with Bouche et al. (2014), who showed that 
variation in embolism resistance was mainly due to 
the first factor, with limited influence of the second. 
Overall, these findings seem to suggest that air-
seeding in bordered pits of conifer roots may 
happen via an air-water meniscus that is pulled 
through minute openings between the torus and pit 
aperture after pit aspiration. 
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Supplementary information 
Table S1. The maximum water pressure gradient 
(ΔPmax, MPa) produced by the high pressure, low 
pressure and no pressure gradient method in relation 
to a particular xylem pressure (P, MPa). 
Table S2. Mean value (±SE) of the xylem pressure 
at 12% loss of conductivity (P12) for vulnerability 
curves measured with the high pressure, low 
pressure and no pressure gradient method. The 
xylem pressure P’12 corresponds to 12% water 
extraction. n= the number of samples measured. 
Figure S1. Root system of P. menziesii exposed 
after blowing away the upper soil layer. This 
method was applied in order to collect high number 
of root samples with minimal physical damage to 
the roots. 
Figure S2. Root vulnerability curves (raw data) 
carried out with the low pressure gradient method 
(a, b) and the no pressure gradient method (c, d) 
showing the percentage loss of hydraulic 
conductivity in xylem as a function of xylem 
pressure (MPa) in two Pinaceae species: Pinus 
pinaster (a, c) and Pseudotsuga menziesii (b, d).  
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